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ABSTRACT The production of different transcripts
(transcript heterogeneity) is a feature of many genes that may
result in phenotypic variation. Several mechanisms, that
occur at both the DNA and RNA level have been shown to
contribute to this transcript heterogeneity in mammals, all of
which involve either the rearrangement of sequences within a
genome or the use of alternative signals in linear, contiguous
DNA or RNA. Here we describe tissue-specific repetition of
selective exons in transcripts of a rat gene (SA) with a normal
exon–intron organization. We conclude that nonlinear mRNA
processing can generate tissue-specific transcripts.

Many genes express tissue-specific isoforms of mRNA that
may result in an alteration in the production andyor function
of its protein product. Several mechanisms that occur at both
the DNA and RNA level may contribute to this transcript
heterogeneity in mammals. At the DNA level, these include
rearrangements of the DNA itself or the use of multiple
transcriptional start sites. At the RNA level, alternative splic-
ing of the primary transcript and variability in the site and
length of the 39 poly(A)1 tail are important mechanisms. All
of these processes involve either the rearrangement of se-
quences within a genome or the use of alternative signals in
linear, contiguous DNA or RNA. The only major exceptions
occur during recombination or in trans-splicing. Trans-splicing
has not been demonstrated conclusively to occur with endog-
enous gene products in mammals, nor has it been implicated
in tissue-specific processing.

The rat SA gene, a putative hypertension-related gene of
as-yet-undefined function (1–3), shows markedly greater ex-
pression in the kidney and liver of the spontaneously hyper-
tensive rat (SHR) compared with respective tissues of the
normotensive Wistar-Kyoto (WKY) rat (1, 4). In the course of
studies on the regulation of the gene, we observed additional,
major transcripts in the kidney of the WKY rat that were not
present in either its liver or in the kidney or liver of SHR. This
indicated the occurrence of strain and tissue-specific hetero-
geneity of transcripts that were not related to the steady-state
abundance of the mRNA. In this report, we demonstrate that
the additional transcripts in the WKY kidney contain tandem
repetition of specific exons and provide evidence that this
could not occur through any known linear processing mech-
anism. Exon repetition has been described previously only in
products of the rat carnitine octanoyltransferase gene and has
been attributed to trans-splicing (5). Our investigation of the
SA gene confirms the existence of exon repetition and shows
that it arises at the RNA level and that it can be regulated in
specific tissues.

MATERIALS AND METHODS

Northern Blot Analysis. Total SHR and WKY kidney and
liver RNAs were extracted as described (6). Northern blot

hybridization was carried out using 60 mg of RNAs probed with
a 1.6-kb rat SA cDNA fragment (2).

Reverse Transcription–PCR (RT-PCR) Analysis. Total
RNAs were reverse transcribed with oligo d(T)12–18 using
Moloney murine leukemia virus reverse transcriptase (Life
Technologies, Grand Island, NY). cDNAs were amplified with
Taq polymerase (Bioline, London) using primer pairs as
indicated. After size fractionating on 1% agarose gels, the
RT-PCR products were isolated and cloned into pGEM-T
(Promega). Positive recombinant plasmids were isolated and
fully sequenced (7) with a T7 sequencing kit (Amersham
Pharmacia). The 2-kb WKY cDNA was the source of probe in
subsequent Southern, dot-blot, and RNase H analyses.

RNase Protection Assay. The 195-bp SA12ySAX5 RT-PCR
product (see Fig. 2c) was cloned into pGEM-T, and radiola-
beled probe was prepared by in vitro transcription (Promega).
Poly(A)1 RNA was isolated from each tissue and hybridized
to 5 3 105 cpm of each probe overnight at 55°C. Unhybridized
nucleic acids were digested with 5 units of RNase One
(Promega). After RNase inactivation and precipitation of the
protected RNA fragments, each sample was analyzed on a 6%
polyacrylamide gel, and bands were detected by using a
PhosphorImager (Molecular Dynamics).

RNase H Mapping Analysis. Total RNA was mapped as
described (8). Olignucleotide primer SA4 (150 pmol) and total
RNA (80 mg) were mixed and denatured at 58°C for 1 min.
Digestion was then performed with 4 units of RNase H
(GIBCO) at 37°C for 20 min. After RNase H inactivation,
precipitated mRNA products were analyzed by Northern
blotting and probed with the 2-kb SA cDNA fragment.

Determination of SA Genomic Structure. The 59 and 39 ends
of SHR SA cDNA were first determined by using 59 and 39
rapid amplification of cDNA ends. The 59 end was congruous
with the published cDNA sequence (1, 9), the 39 sequence
extended by 500 bp (GenBank accession no. AF027188). An
SHR splenic genomic library was prepared by cloning DNA
partially digested with MboI into the BamHI site of the phage
EMBL-3 SP6yT7 (CLONTECH). Clones containing SA gene
fragments were identified by colony hybridization and sub-
cloned into pBluescript (Stratagene). Exon–intron boundaries
were determined by sequencing the clones by using primers
spanning the cDNA sequence. Intron sizes were determined by
PCR amplification of the clones using primer pairs f lanking
individual introns. In addition, a genomic fragment of 8.8 kb
flanking exons 2–4 was fully sequenced to verify the exon–
intron boundaries in this region of the gene.

PCR Comparison of SHR and WKY SA Genes. Regions of
the SA gene were amplified under long-range PCR conditions
(10) using the primer pairs SA1ySAX59 (Fig. 4b, arrow a),
SA1ySA10 (Fig. 4b, arrow b), SA3ySA8 (Fig. 4b, arrow c),
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SA7ySAEX2 (Fig. 4b, arrow d) and SF4ySA39 (Fig. 2a). The
region between exons 1 and 5 was studied in more detail by
amplifying SHR and WKY kidney and liver genomic DNA
with the primer pairs SA1ySAX5 (exon 1–2), SA1ySA4 (exon
1–3), SA1ySA6 (exon 1–4), SA12ySA10 (exon 2–5), SA3y
SA10 (exon 3–5), and SA5ySA10 (exon 4–5). Products were
separated on 0.5% agarose gels, transferred to Hybond N
membrane (Amersham Pharmacia) and hybridized to the 2-kb
SA cDNA probe.

Restriction Mapping of the SHR and WKY SA Genes. SHR
and WKY kidney genomic DNA (5 mg) were digested with the
restriction enzymes BglII, StuI, SacI (SstI), and XbaI. After
Southern blotting, products were hybridized initially to the
2-kb SA cDNA probe, followed by hybridization to probes
derived by PCR from SA cDNA with the following primers:
SA1ySAX5 (exon 1–2), SA12ySA4 (exon 2–3), SA3ySA6
(exon 3–4), SA5-SA8 (exon 4–10), and SA7ySAEX2 (exon
10–15).

Dot-Blot Analysis. Serial dilutions of 4, 2, 1, 0.5, and 0.25 mg
of SHR and WKY kidney and liver genomic DNA were applied
onto a Hybond N membrane and hybridized sequentially to an
SA cDNA probe and then hybridized to a glyceraldehyde-3-
phosphate dehydrogenase probe. Autoradiographs were ana-
lyzed by scanning, and pixel intensities were measured.

Isolation and Analysis of Proximal Tubular Cells. Freshly
dissected kidney cortices from SHR and WKY rat were finely
minced and enzymatically digested as described (11). Crude
tubule segments were recovered by brief centrifugation, and
layered onto a preformed 43% Percoll gradient. After cen-
trifugation at 1,100 3 g for 20 min, the band containing
proximal tubule (PT) segments was recovered at a density of
1.076–1.088 gyml (11). Phase contrast microscopy was per-
formed on a Nikon TMS microscope to confirm the morphol-
ogy of the isolated segments. An aliquot of each tubule
preparation was checked for the brush border enzyme markers
characteristic of proximal tubules by using established methods
(12) (data not shown). In addition, enrichment for PT seg-
ments was analyzed by using Western blotting for the newly
described sodium bicarbonate cotransporter NBC3, which is
only present in PT cells (13). Protein samples (50 mg) were
resolved on SDSy7.5% PAGE gels and, after blotting, were
incubated with the NBC3-specific antibody G186, followed by
detection with horseradish peroxidase-conjugated goat-anti-
rabbit IgG and enhanced chemiluminescence (Amersham
Pharmacia). The antibody G186 was raised in a rabbit by using
a keyhole limpet hemocyanin conjugate with the peptide
sequence IRIEPPKSLPSSDKR [amino acids 245–359 of the
rat NBC3 sequence (13)]. Total cellular RNA was extracted
from PT cells and analyzed by using RT-PCR (see above) for
exon repetition in SA mRNA. Finally, genomic DNA was
extracted and analyzed by using Southern blotting of restric-
tion fragments as described above to look for genomic rear-
rangement.

Primer Sequences. All primers used were designed by using
OLIGO (14) and based on the published SHR SA cDNA
sequence (1, 9) or our 39 rapid amplification of cDNA ends
sequence (GenBank accession no. AF027188). The numbers in
parenthesis represent the nucleotide position relative to the
transcriptional start site. SA1, TGGCTTTGTGTGGGAT-
TAAG (7–26); SA2, TGTTGTCCATTCCTTTCTCC (2025–
2006); SAEX2, GGGCCAAGTTTAAGTTGTTG (2040–
2021); SA3, GTGTTTTCACCGCCTAGCAATCCCTGA-
TCC (312–341); SA39, GCTGCTCTATTATCTTTGACA-
TTG (2504–2481); SA4, GGATCAGGGATTGCTAGGCG-
GTGAAAACAC (341–312); SF4, TCCTGATTACAAAC-
TCC (1851–1867); SA5, GGTGATTCTGCCCAAGAT-
CCCAGAGTGGTG (642–671); SAX5, TCCTGGTGTCCA-
CCTCCTTGTGTGAGAAG (157–129); SA6, CACCACTC-
TGGGATCTTGGGCAGAATCACC (671– 642); SA7,
CAATGGGGAAGCCCTCTCCTGCTTTTAATG (1460–

1489); SA8, CATTAAAAGCAGGAGAGGGCTTCCC-
CATTG (1489–1460); SA10, CAGGAGTGCTGAGACA-
CAAT(875– 856); and SA12, AGATCACTGACTTGT-
GAGCT (111–130).

RESULTS

Identification of Exon Repetition. The SA gene in the rat is
expressed primarily in the proximal tubules of the kidney (15,
16) and at a lower level in liver hepatocytes. Northern blot
analysis showed that over half of the SA mRNA in the kidney
of the WKY rat appeared to be longer than the corresponding
mRNA from the liver (Fig. 1). In contrast, the much more
abundant SA mRNA from both tissues of the SHR rat lacked
the longer transcripts.

Further analysis using RT-PCR with primers directed to the
ends of the published cDNA sequence (1) showed two addi-
tional products only in the kidney of the WKY rat (Fig. 1b,
bands A and B). Sequence analysis of the two products
confirmed they originated from SA mRNA and that each
contained additional sequences that were precise tandem
repetitions of regions of the cDNA. Based on our sequence
analysis of the SA gene from the SHR rat (Table 1), the
additional sequences appeared to be precise duplications of
specific exons. PCR product A contained a tandem duplication
of exon 2, whereas product B contained a duplication of exons
2–4 compared with the predicted transcript (Fig. 1).

Confirmation of SA Exon Repetition. To confirm that the
additional products seen in the WKY kidney were genuine
transcripts and not some form of PCR priming artifact, three
approaches were used. First, RT-PCR amplification of RNAs
was carried out by using primers specifically designed to
produce unique fragments only in the presence of the exon
duplications. By using primer pairs located in exons 1 and 2,
two additional products of expected sizes were only seen in the
WKY kidney (Fig. 2a). In addition, by using either a 59 primer

FIG. 1. Analysis of SA transcript heterogeneity. (a) Northern blot
analysis of SA expression in SHR and WKY liver and kidney RNA. (b)
RT-PCR amplification of SA transcripts. Oligo(dT)-primed cDNA
from SHR (2 mg) and WKY (5 mg) liver and kidney total RNA were
amplified by using the SA-specific primers SA1 and SA2. The extra
products in WKY kidney are marked by arrows A and B. (c) Sequence
analysis of WKY kidney SA transcripts. Schematic shows a summary
of the sequence data from the three transcripts seen in WKY kidney
(see Fig. 1b). Numbered boxes correspond to exons.

Biochemistry: Frantz et al. Proc. Natl. Acad. Sci. USA 96 (1999) 5401



located in exon 4 and a 39 primer located in exon 3 (Fig. 2b)
or both primers located in exon 2 (Fig. 2c), we found products
of the predicted sizes in the WKY kidney only. Sequence
analysis of these additional products confirmed their origin
from transcripts containing the duplicated exons.

In a second approach, one of the unique RT-PCR products was
used as a probe in RNase-protection experiments. The 195-bp
product containing the exon 2 duplication (Fig. 2c) was cloned
and transcribed in the complementary sense with nonspecific
flanking sequence. This probe contained the whole of exon 2 (148
bp) in two parts, with a duplication of 47 bp (Fig. 3a) The
[32P]RNA was then annealed to poly(A)1 RNA prepared from
the various tissues and digested with RNase. The protected

products produced by normal mRNA were predicted to be 105
and 90 nt long, but a product of 148 nt could be formed if exon
2 of the mRNA looped around to base pair with both consecutive
portions of the exon 2 in the probe. The SHR mRNA samples
produced products of 105 and 148 nt (Fig. 3b). In contrast, a major
product formed by WKY kidney mRNA was reproducibly about
195 nt, the length predicted only if the mRNA contained a
duplication of exon 2.

Proof of the repetitions of exons 2–4 was demonstrated by
a third method. Total RNA was digested with RNase H in the
presence of an oligonucleotide complementary to exon 3 and
then SA fragments detected after Northern blotting with the
2-kb SA cDNA probe. In the absence of exon repetition, two
fragments should be formed (Fig. 3bi and bii, lane SHRKID).
Repetition of exons 2–4 would lead to the liberation of a novel
RNA fragment of approximately 581 nt (Fig. 3bi). A band of
this size was detected only in WKY kidney RNA, as predicted
(Fig. 3bii, lane WKYKID). The fainter band at 489 nt in WKY
kidney RNA (Fig. 3bii) is of the size expected from the 59
portion of mRNA containing the exon 2 duplication.

These results demonstrate through several independent meth-
ods that the WKY kidney SA mRNA exhibits tandem duplication
of specific exons, a phenomenon we term exon repetition.

Analysis of SA Gene Structure. Exon repetition in mRNA
could arise from changes in genomic organization in the WKY
rat. Specifically, exons 2–4 might have been duplicated, with
the duplicated exons being skipped during splicing of some of
the transcripts, or the entire gene might have been duplicated
and the two copies transcribed in one pre-mRNA (cf. ref. 18),
with splicing removing most of the exons and the intergenic
sequence. These rearrangements might be incorporated in the
germ line, with pre-mRNA splicing hiding any manifestations
in the liver, or the duplications might occur somatically in the
kidney proximal tubules.

Genomic exon duplication in the WKY rat was tested by
using PCR analysis in which the SHR and WKY SA genes were
compared (Fig. 4a). Intron A of the SHR SA gene contains a
LINE insertion (19). Aside from a difference in fragment size
between SHR and WKY of 1.3 kb with some primer pairs as
a consequence of this, we found no other difference to suggest
exon duplication at the DNA level in the WKY rat. Specifically,
primers located in exons 1 and 5 of the gene gave predicted
products of 13.2 kb and 11.8 kb in SHR and WKY, respectively
(Fig. 4 a and b), whereas if there had been duplication of the
genomic region between exons 2 and 4 in the WKY strain, one
would have expected a minimum fragment of 13.9 kb [the

FIG. 2. RT-PCR demonstration of exon duplication in WKY
kidney SA mRNA. The diagrams on the Right show RT-PCR products
predicted by using exon 1 (SA1) and exon 2 (SAX5) primers (a), exon
5 (SA5) and exon 4 (SA4) primers (b), and exon 2 (SA12 and SAX5)
primers (c), if the WKY kidney transcripts are as summarized in Fig.
1c. Left shows corresponding RT-PCR analysis of SHR and WKY liver
and kidney total RNA.

Table 1. ExonyIntron sizes and boundaries of SHR SA gene

Exon Length, bp Exon sequence

Intron
sequence,

59 end Intron length, bp

Intron
sequence, 39

end Exon sequence Exon

1 67 AGTATCTTTA GTGAGT 6500 TCTTTGCAG GTGAAAAACA 2
2 148 CCAAATCCAT GTAAGA 834 GTCTTTTAG CTGGAGTAGT 3
3 274 TACAGAAAAG GTATGG 611 TTCCCTCAG ACTGGAAAAA 4
4 211 CTGCGAACAG GTTCGT 4500 TTCCTTTAG GGACAGTTTT 5
5 208 AGATGATGAA GTGAGT 560 CTTTGGCAG ATATGCCAGT 6
6 144 TCAACGGAAG GTATTT 206 GTATTCCAG GTTCTGGCTG 7
7 157 CATCTTGCAA GTAAGG 320 CAACCGCAG ACCCTCTCCA 8
8 80 ACATAACCAG GTAAGA 1530 TTGGAGAAG CTATAAGTTC 9
9 124 GACAGAAACG GTACCT 1000 CTTGCCTAG GTGCTGATCT 10

10 81 TAATGTGGAG GTTTGT 1230 TTATTCTAG ATTTTAGATG 11
11 102 TCATTATGTA GTAAGA 1050 TTTTTGCAG GATAATCCTT 12
12 128 TATCCTCTGG GTAATT 80 TTTTCCTAG TTACCGAATT 13
13 100 CAGAGGAGAG GTAAGC 5440 TTACTTTAG GTAGTAAAGG 14
14 120 CCCCAGGAAG GTAGGT 410 TACCAACAG ATAGAATTTA 15

Exon and intron sizes are shown in their respective boxes. Intron sizes in bold are approximate sizes as determined by agarose gel analysis of
PCR products; otherwise sizes were determined by sequencing of phages. Exonyintron nucleotides obeying splice site consensus sequences (17)
are shown in bold.

5402 Biochemistry: Frantz et al. Proc. Natl. Acad. Sci. USA 96 (1999)



additional 2.1 kb being the size of the gene between exons 2–4
(Table 1)].

To exclude the possibility that there might be small dupli-
cations of individual exons, more detailed PCR analysis was
done as shown in Fig. 4c. If an exon (for example, exon 2) had
been duplicated, then PCR from exon 1 to the nearest copy of
exon 2 (hypothetical exon 2a) and from exon 5 to the nearest
copy of exon 2 (hypothetical exon 2b) might not reveal that
there were two copies if the distances involved were, fortu-
itously, very similar to those in the SHR rat. However, the sum
of the sizes of the two PCR products would not equal the
distance between exons 1 and 5. The results shown in Fig. 4c
demonstrate that the greater distance is the sum of the two
separate distances for all three potentially duplicated exons.

The possibility that the entire gene had been duplicated in
the WKY rat was tested by using Southern blotting. A restric-
tion map was generated of the SHR SA gene (Fig. 5), and

genomic fragments including exons 2–4 and significant pro-
portions of the flanking introns were fully sequenced (8.8 kb,
marked in Fig. 5). Fragments generated with several restriction
enzymes for both strains could all be placed within the single
copy structure of the gene, allowing for the LINE element
unique to the SHR rat and for a known StuI polymorphism (2)
(Fig. 5bi). The 59 end of the gene lies within the bands of 3.3
kb and 3 kb in the BglII and StuI digestions, respectively, both
of which are represented equally in the SHR and WKY kidney
DNA. The 39 end can be seen most clearly in the 2.8-kb BglII,
4.2-kb StuI (upper band) and 11-kb XbaI fragments, which
again show no indications that there might be a second copy
of the gene in the WKY kidney in a different environment. The
two enzymes that cut within exon 2 [SstI (SacI) and XbaI] gave
single bands when probed with an exon 2–3-specific cDNA
probe (Fig. 5bii). The results confirm the PCR evidence in Fig.
4 showing that there are no intragenic exon duplications, and
they argue that the existence of tandem copies of the gene in
the germ line is extremely unlikely. An additional test for gene
duplication was done by quantitative dot blots (Fig. 5c). The
ratio of SA to glyceraldehyde-3-phosphate dehydrogenase
signals is no greater for the WKY kidney than for the other
tissues. We conclude that neither the specific exons nor the
entire gene are duplicated in the WKY germ line.

Analysis of Exon Repetition in Isolated Proximal Tubular
Cells. In situ hybridization (15, 16) and immunocytochemistry
(N.J.S. and D.L., unpublished data) show that the SA gene is
expressed in PT cells, which comprise about 5% of kidney cells.
To exclude the possibility that genomic rearrangement within
these specific cells accounts for the observed transcript het-
erogeneity in the WKY rat, PT segments were isolated from

FIG. 3. Confirmation of exon duplication in WKY kidney SA
mRNA. (a) RNase protection assay confirming repetition of exon 2.
(i) Schematic of the riboprobe used; the cloned 195-bp fragment from
Fig. 2c containing duplicated exon 2. Open boxes denote SA exons, and
lines correspond to polylinker sequence of the pGEM-T vector. The
numbers denote the portions of exon 2 present, numbered from the 59
end of the exon. Below are the expected protected products from the
assay and their location. (ii) Analysis of corresponding RNase pro-
tection assay products from 5 mg of SHR and WKY poly(A)1 RNA.
The 195-nt protected product unique to the WKY kidney is denoted
by a black arrowhead, whereas the products expected in all tissues are
shown by clear arrowheads. The formation of a product of 148 nt,
instead of the 90-nt product predicted, is discussed in the text. (b)
RNase H digestion assay confirming repetition of exons 2–4. (i) The
schematic shows the products expected from the various SA transcripts
after annealing an oligonucleotide primer located in exon 3 (SA4) to
RNA and digesting with RNase H. (ii) Corresponding analysis of
RNase H digested products from SHR and WKY kidney RNA. The
581-nt product produced as a result of exon 2–4 repetition in the WKY
kidney only is shown by the upper black arrowhead. The 341-nt and
2,200-nt products derived from the canonically organized transcript
are shown by clear arrowheads. A fainter 489-nt product from repe-
tition of exon 2 also is seen in WKY kidney (lower black arrowhead).
The controls (lanes 3–6) include reactions with no oligonucleotide (No
ODN), no RNase H (No Enz), and a positive control (1Con) for the
Northern blot, all of which show the undigested 2.5-kb SHR SA
transcript and a negative yeast control lane (2Con).

FIG. 4. Comparison by using PCR of the SA gene of SHR and
WKY rat. (a) Products obtained by amplification across different exon
as indicated by arrows a-e in b (see Results for explanation of size
differences). (b) The exon/intron organization of the SHR SA gene.
Filled rectangles represent exons (see Table 1 for exon and intron
sizes). (c) Detailed PCR analysis of exons 1–5. (i) Diagram of SHR SA
exons 1–5 with arrow b corresponding to the PCR product shown in
Fig. 5a. The arrows below the exon/intron map denote the products
expected by amplification across specific exons. Figures in brackets
correspond to the (smaller) WKY product sizes caused by the absence
of the LINE insertion in intron A. (ii) Corresponding PCR Analysis.
All PCR products agreed with their predicted sizes and show no
evidence of intragenic exon duplication.

Biochemistry: Frantz et al. Proc. Natl. Acad. Sci. USA 96 (1999) 5403



SHR and WKY kidneys to .95% purity by using isopycnic
centrifugation (Fig. 6a). A .10-fold enrichment for the highly
specific PT marker NBC3 was demonstrated by using Western
blotting (Fig. 6b). RT-PCR analysis of cellular RNAs isolated
from these segments confirmed the presence of exon dupli-
cation only in the WKY cells (Fig. 6c). Analysis of genomic
DNA from SHR and WKY rat PT segments (Fig. 6d) showed
no difference in genetic structure apart from the known
polymorphisms (see above). In addition, in each strain there
was no difference in restriction pattern between DNAs from
the PT and from whole kidney. Specifically, duplication of
exons 2–4 in the WKY PT cells would have been expected to
produce at least one novel SacI (SstI) fragment because exon
2 contains an SstI restriction site (see Fig. 5bii). We conclude
that the cells expressing the novel isoforms of SA mRNA in
WKY kidney do not have any detectable SA gene rearrange-
ment. Exon repetition is therefore a postgenetic process.

DISCUSSION

The major site of SA mRNA expression in rats is in the renal
proximal tubules. It was most unexpected to observe that the
majority of SA transcripts in the WKY rat contain extra exons.
Nonetheless, the data from Northern blots (Fig. 1a and 3b),

RT-PCR (Figs. 1b and 2), and RNase protection (Fig. 3a)
indicate the unusual transcripts are not minor byproducts of an
error-prone reaction or a PCR artifact. Similarly, the absence
of the transcripts in the liver, which contains less mRNA
overall, argues that the reaction is not a consequence of
scarcity. Instead, a very efficient process generates the tran-
scripts, containing repeated exons, specifically in the kidney in
a strain-specific manner. A recent report by Caudevilla et al.
(5) demonstrated the presence of two extra transcripts of the
rat carnitine octanoyltransferase gene in which either exon 2
or exon 2 and 3 were repeated. This gene also was found to be
single-copy, with no internal duplication of exons. Our findings
confirm the phenomenon of exon repetition and furthermore
demonstrate that this could be a new mechanism contributing
to tissue-specific transcript heterogeneity in mammals.

Exon 2 of the SA gene is located upstream of the putative
translation start site (1) and therefore the presence of the
duplication would not be expected to alter the protein product.
However, the exon 2–4 duplication would alter the reading
frame, resulting in a truncated, altered protein product of 157
aa. The function of the SA protein, although possibly involved
in blood pressure regulation (20), is currently unknown, and
therefore any pathophysiological significance of these modi-
fied transcripts in the WKY kidney remains speculative. We
have examined some other rat strains and crosses. The tran-
scripts have been detected also in Milan hypertensive and Dahl
salt-sensitive strains of rats, and it appears that the property

FIG. 5. Restriction mapping of SHR and WKY SA genes. (a)
Restriction map of the SHR SA gene. The map was constructed by
positioning fragments generated by digestion of SHR DNA with BglII
(B), StuI (St), XbaI (X), and SstI (Ss) and probing with the 2-kb SA
cDNA probe or subprobes corresponding to specific regions of the SA
cDNA. Black boxes correpond to exons. The white box in intron A
represents a previously characterized LINE insertion (19); the hatched
boxes underneath restriction map denotes regions of the SA gene that
were fully sequenced, and the StuI point mutation in intron D is shown
in italics. (b) Southern blot analysis of SHR and WKY kidney SA gene
structures. All bands could be mapped to the single copy structure of
the gene shown in a. Because of the small size of exon 1 (67 bp), neither
the restriction fragments that contained only exon 1 nor the 500-bp
StuI fragment of exon 13 was easily visible on the autoradiograph. The
blot was hybridized with a 2-kb SA cDNA probe (i) and an exon
2–3-specific SA cDNA probe (ii). (c) Dot-blot analysis of SHR and
WKY liver and kidney SA DNA. SA genomic DNA was quantified by
successive hybridization of serial dilutions of each DNA to an SA
cDNA probe (i), a probe for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (ii). (iii) Quantitative analysis of the dot blots is shown.

FIG. 6. Analysis of isolated proximal tubular segments. (a) Phase
contrast microscopy (3400) of isolated segments showing a homoge-
neous population of large diameter segments with morphology typical
of PT cells with granular cytoplasm. (b) Western blot of protein
extracted from either whole kidney (lanes 1–4) or purified PT
segments (lanes 5–8) from SHR (lanes 1, 2, 5, and 6) and WKY (lanes
3, 4, 7, and 8) rats probed for presence of the specific PT protein NBC3.
(c) RT-PCR analysis of SA mRNA from liver (LIV), kidney (KID), and
isolated PT segments (PT) of SHR and WKY. Note the presence of
additional PCR products showing exon repetition in RNAs from WKY
kidney (WKYKID) and WKY PT cells (WKYPT) only. (d) StuI and SacI
restriction analysis of SA gene structure in whole kidney and PT
segments of SHR and WKY excluding somatic rearrangement of the
SA gene in WKY PT cells.

5404 Biochemistry: Frantz et al. Proc. Natl. Acad. Sci. USA 96 (1999)



cosegregates with the chromosome (e.g., with the absence of
the LINE insertion) rather than with the normotensive phe-
notype (S.F. and N.J.S., data not shown).

There have been several previous reports of unexpected prod-
ucts of splicing in which exons have been joined in a scrambled
order, although not duplicated (21–23). The transcripts in these
cases have usually been minor products expressed at levels of
about 1% of the normal mRNA (21, 22) and lacking a poly(A)1
tail (21, 23). Several lines of evidence suggest that these sequences
are excised during splicing as circular molecules (21,23–25) either
as a consequence of error-prone splicing (25) or as byproducts of
exon skipping (23). The existence of circular SA mRNA con-
taining the duplicated exons could not be wholly excluded by
using RT-PCR. The PCR products in Fig. 2 b and c could be
derived from amplification of circular SA RNA exons, comprising
exon 2 or exons 2–4. We can, however, exclude the presence of
circular transcripts on the basis of other results. We infer from the
absence of PCR products that if oligo(dT) was omitted during
reverse transcription (data not shown), then the SA transcripts
were polyadenylated. In addition, small exon circles would not
produce the lower mobility bands on the Northern blots, and the
RNase protection and RNase H results can only be interpreted as
evidence for exon repetition in WKY kidney SA mRNA.

Given that the mRNA contained tandem repeats of exon 2
or exons 2–4, which would not be expected to arise by any
known RNA processing reaction, it was important to exclude
genomic or somatic rearrangements that could account for the
effect. Both by PCR and Southern blotting (Figs. 4–6), we can
exclude the possibility of intragenic exon duplications in the
germ line of WKY rats or somatically in the proximal tubule
cells. An alternative explanation for exon repetition might be
that the whole gene had been duplicated, showing transcrip-
tional read-through and splicing of a transcript encompassing
both genes (18). This can be excluded in the germ line from the
Southern blots and dot blots in Fig. 5. Tissue-specific recom-
bination has been proposed as a mechanism for generating
hybrid transcripts in Drosophila (26), but is unlikely to account
for SA exon repetition because the Southern blots of PT
segment DNA show no evidence of novel junctions flanking
any potential duplication (Fig. 6d).

Other possible mechanisms for production of mRNA with
exon repetitions include extensive RNA polymerase dislocation
or RNA processing. The latter possibility is more attractive, given
that tissue-specific splicing is widespread, but it implies a transfer
of RNA from one pre-mRNA molecule to another. The only
immediately obvious mechanism for achieving this is by trans-
splicing, in which the 59 portion of one molecule (exons 1–2 or
1–4) splices to the 39 splice site of exon 2 in another molecule
transcribed from the same gene. Trans-splicing is a major mech-
anism in a number of lower eukaryotes for introducing the 59 exon
into mRNA (27) but would be unprecedented for an endogenous
mammalian gene. Trans-splicing of separate RNA molecules has
been seen in vitro and in vivo, but only with partial RNA substrates
or transfected genes, respectively, in which, 59 and 39 splice sites
on individual molecules lack a cis-partner (28–34). Similar ex-
periments were done in vitro with partial substrates of the rat
carnitine octanoyltransferase gene (5) but it was not shown
whether these were more adept than normal partial substrates at
trans-splicing. It remains to be seen whether exon repetition
transcripts can be produced efficiently from the canonically
organized SA gene by trans-splicing. A first prerequisite is to
establish whether all of the natural pre-mRNA has the expected
sequence organization. If trans-splicing did occur with authentic
SA pre-mRNA, the Northern blots suggest that the 59 portion of
the first molecule is constrained to react only with homologous
targets. This might be a consequence of cotranscriptional splicing
(32, 35), in which transcripts might be in close proximity by virtue
of their common attachment to a gene; this raises questions about
splicing between products of adjacent active genes and the effects
of intron length. The specificity for the rat strain and cell type may

be caused by differences in the concentrations of splicing factors
or regulators or it may reflect differences in the loading or spacing
of RNA polymerases.

We conclude that our findings provide strong evidence for
exon repetition in mRNA. The biological role, if any, and the
frequency of exon repetition are still unknown, but the phe-
nomenon itself appears to reveal an unexpected capability in
mammalian cells.
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